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Abstract 

Thermal  runaway  is  normally  defined  as  the  increase  in  charge  or  float  current  that  occurs  as  a  result  of  the  increase  in  cell  temperature 
from  the  initial  applied  constant  potential.  If  left  unchecked,  the  currents  can  reach  high  values  and,  ultimately,  lead  to  the  destruction  of 
the  cell.  This  definition  does  not  explain  why  all  cells  floated  at  constant  potential  do  not  suffer  from  thermal  runaway.  The  aim  of  this 
paper  was  to  investigate  and  explain  the  cause  of  this  transition  from  normal  stable  behaviour  to  unstable  thermal  runaway. 

A  series  of  6  V,  100  Ah,  valve-regulated  lead-acid  (VRLA)  batteries  were  overcharged  at  potentials  of  up  to  2.65  V  per  cell  and  the 
currents,  temperatures  and  gas-evolution  rates  measured  during  thermal  runaway.  From  these  results,  it  was  concluded  that  separator 
dry-out  was  the  critical  parameter  that  controls  thermal  runaway  behaviour.  This  conclusion  was  reinforced  by  other  data  for  the  effect  of 
saturation  on  the  resistance,  the  normal  float  behaviour  and  the  gas  transport  in  VRLA  separators. 

A  model  of  the  structure  of  partially  saturated  separators  was  developed  to  explain  the  observed  behaviour,  and  was  used  to  predict 
possible  improvements  in  separator  structure  to  increase  resistance  to  runaway. 

©  2003  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  problem  of  thermal  runaway  in  sealed  nickel- 
cadmium  cells  is  well  known  and  chargers  either  use  con¬ 
stant  current  or  some  form  of  modified  constant  potential 
to  avoid  the  problem.  There  is  no  such  widespread  problem 
in  valve-regulated  lead-acid  (VRLA)  cells.  Nevertheless, 
thermal  runaway  has  been  recognised  as  a  possible  failure 
mode  in  VRLA  cells  [1]  although  its  incidence  is  small 
[2-4].  There  is  little  experimental  evidence  in  the  open 
literature  to  assist  the  understanding  of  the  important  pa¬ 
rameters  that  result  in  runaway.  It  is  generally  believed, 
however,  that  float  potential,  separator  dry-out,  temperature 
and  insulation  are  of  importance  [5-7] . 

Thermal  runaway  is  usually  considered  to  be  the  result  of 
positive  feedback  of  current  and  temperature  when  a  cell  is 
placed  on  float  charge  at  constant  potential.  The  initial  float 
current  flowing  through  the  cell  causes  an  increase  in  cell 
temperature,  this  causes  an  increase  in  current  that  further 
increases  the  temperature  until  both  current  and  temperature 
reach  high  values.  Berndt  [5]  suggests  that  the  phenomenon 
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arises  because  heat  generation  has  an  exponential  rela¬ 
tionship  with  temperature  but  heat  dissipation  has  a  linear 
relationship.  This  explanation  does  not  indicate  why  cells 
under  normal  float  conditions  do  not  experience  runaway. 
There  must  be  some  parameter,  or  set  of  parameters,  that 
changes  normal  well-behaved  float  behaviour  into  runaway. 
The  purpose  of  this  paper  is  to  establish  the  required  condi¬ 
tions.  Published  studies  that  describe  incidences  of  thermal 
runaway  do  not  take  the  experiments  to  completion  [7], 
although  reports  of  fires  and  even  explosions  resulting  from 
runaway  occur  in  the  literature  [3,4].  In  the  investigations 
reported  here,  thermal  runaway  experiments  are  taken  to 
completion  in  order  to  evaluate  the  full  effects  of  a  run¬ 
away  event.  A  theory  is  developed  to  explain  the  essential 
details  of  thermal  runaway  in  VRLA  cells  and  ways  in 
which  cells  can  be  designed  to  minimise  the  problem  are 
postulated. 


2.  Experimental 

All  experiments  were  carried  out  with  single  VRLA  bat¬ 
teries  (6  V,  100  Ah)  that  were  designed  for  standby  applica¬ 
tions.  Most  trials  were  conducted  on  new  batteries  but,  for 
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Table  1 


Experimental  conditions  and  measurements  taken 


Cell 

Potential 

Test  temperature 

Battery  temperature  Gas 

age 

(V) 

(°C) 

measured 

collection 

New 

2.40 

20 

No 

No 

New 

2.40 

40 

No 

No 

New 

2.40 

60 

No 

No 

New 

2.62 

40 

No 

No 

New 

2.65 

20 

Yes 

Yes 

New 

2.65 

60 

Yes 

Yes 

Old 

2.40 

20 

Yes 

Yes 

Old 

2.40 

20 

Yes 

Yes 

Old 

2.65 

60 

Yes 

No 

comparison,  some  old  batteries  that  had  seen  10  years  ser¬ 
vice  and  gave  80%  rated  capacity  (i.e.,  at  end-of-life)  were 
also  used.  For  each  test,  the  battery  was  placed  on  float  at 
2.28  V  per  cell  (Vpc)  and  at  the  required  test  temperature 
until  the  float  current  was  stable.  This  was  normally  24  h. 
The  float  potential  was  then  raised  to  the  test  potential  and 
the  current  allowed  to  rise  without  any  limit.  During  the  ex¬ 
periment,  the  current  was  monitored  at  regular  intervals.  In 
some  tests,  the  case  temperature  was  monitored  with  a  ther¬ 
mocouple  and  the  evolved  gas  measured  by  collection  over 
water.  The  composition  of  the  evolved  gas  was  determined 
by  gas  chromatography.  A  full  list  of  the  tests  is  given  in 
Table  1. 

3.  Results 

3.1.  Current  profiles 

The  current  profiles  for  new  batteries  during  the  first  100 
days  of  the  trial  are  given  in  Fig.  1.  The  data  reveal  sev¬ 
eral  important  characteristics.  The  currents  generally  show 
a  slow  increase  for  a  period,  followed  by  a  rapid  rise  to  ther¬ 
mal  runaway.  Peak  currents  are  of  the  order  of  50  A.  This  is 


followed  by  an  even  more  rapid  decrease  to  virtually  zero 
current.  Applied  potential  was  the  main  driver  for  thermal 
runaway;  all  batteries  at  2.62-2.65  Vpc  exhibited  thermal 
runaway,  whereas  those  at  2.40  Vpc  showed  a  much  lower 
and  more  uncertain  trend  to  runaway.  In  fact,  at  this  lower 
voltage,  it  was  taking  in  excess  of  50  days  for  the  current 
to  reach  high  levels  and  it  is  debatable  if  this  can  be  termed 
thermal  runaway.  It  is  interesting  that  temperature  is  shown 
here  not  to  be  a  cause  of  runaway.  It  does,  however,  act  as 
an  accelerating  factor,  i.e.,  all  the  batteries  at  2.65  Vpc  suf¬ 
fered  runaway,  but  those  at  the  higher  ambient  temperature 
were  the  first  to  display  the  effect.  The  final  point  of  interest 
worth  noting  is  the  length  of  time  it  took  to  achieve  run¬ 
away.  Even  under  the  most  severe  conditions  of  2.65  Vpc 
and  60  °C,  almost  a  day  elapsed  before  runaway  occurred. 
At  a  potential  of  2.40  Vpc,  the  time  involved  becomes  very 
long  indeed.  Data  for  the  full  test  period  of  340  days  are 
presented  in  Fig.  2.  Even  at  this  stage,  the  2.4  Vpc/40  °C  bat¬ 
tery  displayed  no  sign  of  runaway.  It  is  therefore  concluded 
that  the  critical  factor  for  thermal  runaway  is  a  charge/float 
potential  in  excess  of  2.4  Vpc. 

3.2.  Temperature  profiles 

The  temperature  profiles  for  two  new  batteries  run  at 
2.65  Vpc  are  shown  in  Fig.  3.  As  would  be  expected,  the 
battery  temperature  followed  the  same  profile  as  the  current. 
The  temperature  peaked  at  80-90  °C.  As  this  was  measured 
on  the  exterior  of  the  battery  case,  the  internal  cell  tempera¬ 
ture  would  be  somewhat  higher.  At  the  peak  of  the  runaway 
event,  steam  was  emitted  from  the  vent,  which  indicated 
that  the  electrolyte  was  near  boiling  point.  Other  than  the 
emission  of  steam  and  some  distortion  of  the  case,  no  other 
deleterious  effect  was  found.  Liquid  was  not  ejected  and 
the  integrity  of  the  case  was  not  effected.  Examination  of 
the  batteries  at  the  end  of  the  experiment  showed  that,  apart 
from  drying-out  of  the  cells,  no  other  defects  in  the  cell 
elements  had  resulted. 


Fig.  1.  Current  profiles  for  new  batteries  for  first  100  days. 
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Fig.  2.  Current  profiles  for  new  batteries  for  full  340-day  trial. 


Fig.  3.  Temperature  profiles  for  new  batteries. 


3.3.  Thermal  runaway  in  old  batteries 

The  current  profile  of  an  old  battery  at  an  applied  potential 
of  2.65  Vpc  and  60  °C  is  shown  in  Fig.  4.  In  comparison  with 
a  new  battery  under  equivalent  conditions,  the  behaviour  is 
much  milder  and  the  current  only  reaches  12  A.  The  dramatic 
fall  in  current  after  the  peak  current  is  absent  for  the  old 
battery.  The  temperature  (Fig.  4)  again  follows  the  same 
profile  as  the  current,  but  has  a  correspondingly  lower  value 


because  of  the  lower  current.  The  maximum  temperature 
recorded  is  73  °C. 

At  the  lower  potential  of  2.4  Vpc  and  20  °C,  no  thermal 
runaway  occurred  even  after  450  days  on  test.  A  new  battery 
ran  in  comparison  at  the  same  time  gave  similar  currents,  as 
shown  in  Fig.  5. 

The  above  observations  are  of  some  importance,  as  anec¬ 
dotal  evidence  suggests  that  old  batteries  are  more  likely 
to  give  thermal  runaway  than  new  ones.  The  data  collected 


Fig.  4.  Current  and  temperature  profile  for  old  batteries  at  2.65  Vpc  and  60  °C. 
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Fig.  5.  Comparison  of  currents  for  new  and  old  batteries  at  2.40  Vpc  and  20  °C. 


here  have  shown  this  to  be  not  true.  In  fact,  although  old 
batteries  experience  runaway  under  the  same  conditions  as 
new  batteries,  the  severity  of  the  event  is  much  less.  This 
is  probably  due  to  the  old  batteries  having  a  higher  internal 
resistance  than  new  ones,  as  a  result  of  grid  corrosion  and 
some  loss  of  water  during  service  from  normal  recombina¬ 
tion  inefficiencies. 

3.4.  Gas  evolution 

The  hydrogen  evolution  measurements  listed  in  Table  2, 
together  with  other  available  data  and  recombination  effi¬ 
ciencies,  show  that  the  VRLA  system  is  able  to  recombine 
oxygen  at  potentials  as  high  as  2.40  Vpc.  When  the  applied 
potential  reaches  2.65  Vpc,  however,  the  recombination  effi¬ 
ciency  (RE)  is  virtually  zero.  This  potential  dependency  on 
recombination  and  water  loss  is  important  in  understanding 
the  mechanism  of  thermal  runaway. 

It  is  important  to  note  the  differences  between  oxygen  re¬ 
combination  efficiency  and  oxygen  recombination  current. 
In  the  context  of  this  paper,  the  oxygen  recombination  effi¬ 
ciency  is  defined  as  the  oxygen  recombined  compared  with 
the  total  oxygen  that  would  be  generated  by  the  appro¬ 
priate  overcharge  current  without  recombination.  It  is  nor¬ 
mally  expressed  as  a  percentage  and  determined  by  mea¬ 
suring  the  evolved  hydrogen  or  oxygen.  (Oxygen  recombi¬ 
nation  inefficiency  results  in  an  equivalent  amount  of  hy- 

Table  2 


Hydrogen  evolution  rates 


Cell 

age 

Potential 

(V) 

Ambient 

(°C) 

Current  gas 
measured  at 
(A) 

Hydrogen 

evolution 

rate/cell 

REa 

(%) 

New 

2.65 

20 

10 

4.2  dm3  h-1 

7 

New 

2.65 

60 

10 

4.1  dm3  h-1 

8 

New 

2.35 

40 

0.4 

0.008  dm3  h-1 

95 

New 

2.27 

49 

0.3 

0.007  dm3!^1 

95 

New 

2.27 

71 

0.4 

0.017  dm3  h-1 

90 

New 

2.4 

20 

0.2 

0.007  dm3  per  day 

98 

Old 

2.4 

20 

0.15 

0.017  dm3  per  day 

97 

a  Recombination  efficiency. 


drogen  being  evolved  at  the  negative.)  Recombination  cur¬ 
rent  is  defined  as  the  amount  of  oxygen  transported  through 
the  separator  and  recombining  at  the  negative  electrode; 
it  is  measured  in  mA  or  A.  Thus,  it  is  possible  to  have 
a  high  recombination  efficiency  but  a  low  recombination 
current. 

3.5.  Battery  integrity 

In  all  the  experiments,  the  batteries  failed  in  a  safe  state. 
The  cases  although  distorted  remained  leak  proof,  no  ex¬ 
plosion  or  fire  occurred,  and  no  acid  was  ejected  from  the 
vents.  At  the  more  extreme  conditions,  the  hydrogen  evolu¬ 
tion  rates  were  high  and  given  an  external  source  of  ignition 
a  fire  or  explosion  could  have  occurred. 

4.  Discussion 

4.1.  Mechanism  of  thermal  runaway 

The  current-time  profiles  shown  in  Figs.  1  and  2  show 
three  distinct  regions,  an  initial  slow  increase  in  current  fol¬ 
lowed  by  a  rapid  rise  into  runaway  and  a  final  more  rapid 
decrease  to  zero.  A  mechanism  of  runaway  needs  to  explain 
these  three  separate  regions. 

The  main  controlling  factor  that  governs  thermal  runaway 
is  the  applied  potential.  At  values  over  2.4  Vpc,  runaway 
will  eventually  occur,  below  2.4  Vpc  it  does  not  happen. 
As  shown  in  Table  2,  recombination  is  very  low  at  poten¬ 
tials  above  2.4  V.  Thus,  it  is  apparent  that  water  loss  is  the 
underlying  cause  that  sends  a  system  into  runaway.  Fur¬ 
ther  analysis  of  the  curves  shown  in  Figs.  1  and  2  support 
this.  The  initial  semi- stable  period  on  these  curves,  where 
the  current  is  increasing  slowly,  before  the  main  thermal 
runaway  event,  all  show  a  similar  number  of  Ah,  i.e.,  a 
specific  A  h  overcharge  has  to  be  passed  through  the  system 
before  true  runaway  occurs  and  this  value  is  independent 
of  temperature  or  potential.  Obviously,  at  higher  ambient 
temperatures  and  applied  potentials,  the  initial  current  will 
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Fig.  6.  Effect  of  separator  saturation  on  float  current  at  2.28  Vpc. 


be  higher  and  so  the  time  period  will  be  shorter  but  the 
total  Ah  remain  constant.  This  suggests  that  thermal  run¬ 
away  occurs  at  a  specific  saturation  of  the  separator.  This 
idea  was  confirmed  by  a  series  of  experiments  in  which 
batteries  were  filled  to  different,  known  levels  of  saturation 
and  placed  on  overcharge  at  2.28  Vpc.  The  resultant  curve, 
Fig.  6,  shows  a  stable  float  current  down  to  a  saturation 
value  of  around  85%.  Beyond  this  point,  the  current  in¬ 
creases  at  a  rapid  and  uncontrolled  rate,  typical  of  runaway. 
Consequently,  runaway  can  occur  even  at  these  low  applied 
potentials  if  the  saturation  is  below  the  critical  level.  This 
observation  confirms  the  explanation  of  runaway  given 
above. 

The  final  section  of  the  current-time  curve  is  the  rapid 
decrease  to  zero.  This  can  be  explained  with  reference  to 
Fig.  7,  which  shows  the  effect  of  separator  saturation  on 
resistance  [8].  The  resistance  in  this  diagram  is  given  as 
a  ratio  of  the  resistance  at  100%  saturation.  At  saturations 
above  80%,  the  resistance  remains  relatively  low  but  below 
80%  it  increases  rapidly  so,  for  instance,  at  40%  satura¬ 
tion  it  has  a  resistance  30  times  of  that  in  a  fully  saturated 
state.  It  is  this  rapid  rise  in  separator  resistance  at  low  satu¬ 


ration  levels  that  causes  the  thermal  runaway  current  to  fall 
rapidly. 

The  effect  of  separator  resistance  on  all  three  stages  of 
thermal  runaway  is  worthy  of  note.  At  the  start  of  the  pro¬ 
cess,  stage  1,  the  internal  resistance  of  the  cell  is  low,  i.e., 
of  the  order  of  2m£2,  but  as  stage  1  progresses  and  water 
is  lost  the  internal  resistance  and  subsequent  heating  effect 
increases.  This  accelerates  into  thermal  runaway  because 
of  the  non-linear  relationship  between  saturation  and  re¬ 
sistance.  When  the  internal  resistance  becomes  very  high, 
the  effect  is  to  reduce  the  current  as  the  emission  of  steam 
regulates  the  cell  temperature  to  about  90  °C,  but  the  loss 
of  liquid  continues  to  increase  resistance  exponentially  and 
this  results  in  the  termination  of  the  process.  Consequently, 
the  relationship  between  the  resistance  and  saturation  of 
the  separator  must  be  considered  as  part  of  the  complete 
thermal  runaway  process. 

In  summary,  the  three  stages  of  the  thermal  runaway  curve 
are  as  follows: 

Stage  1 :  stable  with  low  recombination  and  high  water  loss. 
Stage  2:  true  thermal  runaway. 


Fig.  7.  Effect  of  separator  saturation  on  resistance. 
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Stage  3:  rapid  reduction  of  the  current  to  zero  as  a  result  of 
the  rapid  increase  in  separator  resistance. 

4.2.  Model  of  separator  effect 

It  has  been  shown  above  that  thermal  runaway  occurs 
when  the  separator  saturation  falls  below  a  specific  level. 
This  strongly  suggests  that  there  is  a  basic  change  in  a  sep¬ 
arator  property  at  that  critical  saturation.  Since  the  main 
feature  of  VRLA  separators  is  to  allow  oxygen  transport  at 
high  degrees  of  saturation,  it  seems  likely  that  it  is  a  change 
in  oxygen  transport  mechanism  that  is  responsible  for  the 
change  in  behaviour. 

It  is  possible  to  model  the  separator  by  considering  it 
as  a  regular,  three-dimensional,  network  of  cubic-shaped 
pores  with  the  edges  of  the  pores  defined  by  the  rod-like 
glass  fibres.  With  a  single  fibre  diameter  and  the  fibres  dis¬ 
tributed  at  random  this  gives  a  ‘pore  size’  of  10  [xm,  which 
is  of  the  same  order  of  magnitude  of  the  pores  found  in  ac¬ 
tual  separators.  This  is  a  very  simple  representation  of  the 
separator  structure  as  scanning  electron  microscopy  (SEM) 
[9]  has  shown  the  fibres  to  be  curved  rods  primarily  in 
the  plane  of  the  sheet,  while  previous  work  has  found  the 
pore  structure  to  be  very  anisotropic  and  include  a  range 
of  pore  sizes  [8].  Nevertheless,  the  above  simpler  model 
is  sufficient  to  understand  the  change  in  oxygen  transport 
mechanism. 

For  a  separator  with  a  thickness  of  1  mm,  i.e.,  100  pores, 
and  initially  in  a  fully  saturated  state,  no  oxygen  transport 
in  the  gas  phase  will  occur.  Experience  shows  that  oxygen 
recombination  will  begin  when  the  saturation  is  reduced  to 
98-95%.  If  the  pores  of  the  model  separator  are  emptied 
to  achieve  98%  saturation,  the  situation  becomes  as  shown 
in  Fig.  8.  Here,  the  pores  have  been  emptied  at  random  as 
all  pores  are  the  same  size  and  there  is  no  preference  for 
which  pores  will  empty  first.  At  these  high  saturation  lev¬ 
els,  Fig.  8  shows  that  there  is  no  continuous  open  path¬ 
way  through  the  separator,  so  oxygen  transport  cannot  be 
by  pure  diffusion  but  by  a  pressure-assisted  mechanism  in 
which  the  oxygen  pressure  forces  liquid  out  of  full  pores 
into  empty  ones  to  generate  a  continuous  pathway.  If  the 
pores  are  emptied  further,  at  random,  eventually  the  empty 
pores  will  line  up  and  create  continuous  pathways  through 
the  separator.  This  situation  is  shown  in  Fig.  9  at  a  satu¬ 
ration  of  80%.  It  is  proposed  that  it  is  this  change  in  the 
open  pore  structure  that  is  the  cause  of  thermal  runaway.  At 
high  saturations,  oxygen  transport  is  by  the  pressure-assisted 
route  that  gives  good  recombination  efficiencies  of  the  or¬ 
der  of  95-97%,  but  only  at  low  float  currents.  At  low  sat¬ 
urations  oxygen  transport  is  mainly  by  pure  diffusion  and 
the  recombination  efficiency  is  high  even  at  high  currents. 
This  large  recombination  current  generates  much  more  heat 
than  when  gassing  overcharge  occurs  and  thermal  runaway 
results. 

Important  evidence  for  this  mechanism  is  given  in  previ¬ 
ous  work  on  the  transport  of  oxygen  under  zero  pressure- 


Fig.  8.  Model  separator  at  98%  saturation. 


gradient  conditions,  i.e.,  under  diffusion  control  [8].  This  is 
shown  in  Fig.  10  where,  for  the  particular  separator  under 
test,  the  oxygen  diffusion  rate  was  low  and  constant  between 
100  and  90%  saturation.  The  diffusion  coefficient  measured 
was  that  for  diffusion  of  oxygen  through  a  liquid.  At  a  sat¬ 
uration  of  90%,  the  measured  diffusion  coefficient  starts  to 


Fig.  9.  Model  separator  at  80%  saturation. 
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Fig.  10.  Effect  of  separator  saturation  on  oxygen  diffusion. 


increase  rapidly  and  indicates  free  diffusion  through  estab¬ 
lished  gas  channels.  As  the  saturation  decreases  below  90%, 
more  gas  channels  open  up  and  the  effective  diffusion  coef¬ 
ficient  increases. 

4.3.  Effect  of  separator  structure 

The  above  model  considers  the  pore  structure  of  a  separa¬ 
tor  to  be  ideal,  i.e.,  all  pores  have  an  equal  size.  This  is  not 
true  in  real  separators.  Previous  work  has  shown  [10]  that 
the  pores  in  the  plane  of  the  sheet  are  smaller  than  those  per¬ 
pendicular  to  the  plane,  and  that  the  pores  show  a  range  of 
diameters.  To  control  the  saturation  level  below  which  ther¬ 
mal  runaway  can  occur,  the  pores  perpendicular  to  the  sheet 
must  be  considered,  as  these  are  the  ones  in  which  oxygen 
transport  occurs. 

The  best  situation  is  when  all  of  these  pores  are  of  the 
same  diameter  so  that  there  is  no  preference  for  any  pore  to 
empty  first  and,  as  the  saturation  reduces,  the  pores  really  do 
empty  at  random.  For  a  three-dimensional  structure,  perco¬ 
lation  theory  predicts  that  this  transition  to  continuous  open 
pathways  should  occur  at  about  60%  saturation.  It  is  inter¬ 
esting  to  note  here  that  further  work  on  diffusion  of  oxygen 
in  a  different  separator  has  given  a  transition  saturation  from 
liquid  to  gas  phase  transport  at  this  level  of  saturation  [11]. 
As  the  pore- size  distribution  increases,  there  is  more  chance 
that  pores  significantly  larger  than  the  mean  occur  in  a  con¬ 
tinuous  pathway  to  give  a  large  continuous  pore  through  the 
separator.  As  capillary  pressure  determines  that  these  larger 
pores  empty  first,  it  now  becomes  possible  to  achieve  con¬ 
tinuous  open  gas  channels  at  higher  degrees  of  saturation  as 
shown  in  this  work.  Obviously,  the  greater  the  pore- size  dis¬ 
tribution,  the  higher  will  be  the  saturation  at  which  thermal 
runaway  can  occur.  A  good  measure  for  the  susceptibility 
of  a  separator  to  thermal  runaway  would  be  the  difference 
between  the  pore  size  as  measured  by  the  maximum  bubble 
pressure  technique  and  the  mean  pore  size.  The  larger  this 
difference,  the  higher  will  be  the  saturation  at  which  run¬ 
away  can  occur.  The  maximum  bubble  pressure  technique  is 
particularly  valid  because  it  is  a  direct  measure  of  the  cap¬ 


illary  pressure  of  the  largest  continuous  pore  perpendicular 
to  the  plane  of  the  separator. 

4.4.  Effect  of  cell  design 

To  prevent  thermal  runaway,  a  VRLA  product  has  to  be 
designed  so  that  the  critical  saturation  level  is  not  reached  in 
service.  The  properties  of  the  separator  obviously  impinge 
on  this,  as  outlined  above,  but  other  cell  design  parameters 
also  have  an  effect.  Anything  that  affects  the  rate  of  water 
loss,  e.g.,  system  purity  and  rate  of  grid  corrosion,  is  im¬ 
portant.  Separator  thickness  is  also  important  as  this  acts  as 
an  acid  reservoir.  The  thicker  the  separator,  the  more  acid 
it  will  hold  and  the  lower  will  be  the  rate  of  saturation  loss 
for  a  given  rate  of  water  loss.  Other  parameters  such  as  case 
thickness,  case  material  and  vent  efficiency  can  play  minor 
roles  in  water  loss  as  can  service  conditions,  frequency  of 
discharging  and  the  method  of  recharge. 

It  must  be  emphasised  that  at  normal  float  charge  voltages 
of  around  2.28  Vpc,  the  recombination  efficiency  is  so  high 
and  the  water  loss  so  low  that  thermal  runaway  conditions 
are  extremely  unlikely  to  be  reached  even  at  the  end  of  life 
of  a  battery.  This  accounts  for  the  very  low  incidence  of 
reports  of  batteries  failing  by  thermal  runaway. 

For  batteries  seeing  frequent  deep  cycling  and  recharge  at 
higher  voltages  without  current  limit,  the  situation  is  not  so 
clear  and  these  may  be  more  susceptible  to  runaway. 


5.  Conclusions 

Experiments  in  which  6  V  VRLA  batteries  have  been 
overcharged  at  potentials  of  up  to  2.65  Vpc  and  60  °C  show 
that  the  applied  voltage  is  the  main  factor  responsible  for 
thermal  runaway.  Temperature  acts  only  as  an  accelerating 
factor. 

The  runaway  process  takes  place  in  three  distinct  stages. 
In  stage  1,  recombination  efficiency  is  low,  water  loss  high 
and  temperature  and  current  rise  slowly,  due  to  the  small  and 
slowly  increasing  internal  resistance  and  low  recombination 
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Fig.  11.  Summary  of  thermal  runaway. 


efficiency.  In  stage  2,  the  recombination  efficiency,  even  at 
these  high  currents  is  high  because  of  the  change  in  oxygen 
transport  mechanism  through  the  separator.  Heat  generation 
increases  rapidly  because  of  a  combination  of  increased 
recombination  rate  and  increased  internal  resistance  of  the 
separator.  This  process  comes  to  an  end  when  the  cell  tem¬ 
perature  reaches  the  boiling  point  of  the  electrolyte.  This 
controls  the  temperature  but  water  loss,  and  hence  separator 
resistance,  continues  to  increase  and  the  current  reduces 
rapidly  in  stage  3.  These  changes  are  summarised  in  Fig.  11. 

The  parameter  that  causes  the  change  from  stage  1  to  stage 
2  is  the  change  in  oxygen  transport  mechanism  through  the 
separator.  It  is  postulated  that  changes  in  separator  design 
can  effect  the  value  of  the  critical  saturation  at  which  this 
occurs  and  this,  together  with  cell  design  parameters  and 
correct  in-service  conditions,  ensures  that  thermal  runaway 
is  not  a  normal  failure  mode  in  service. 
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